ABSTRACT EGB 6 is a faint, large, ancient planetary nebula (PN). Its central star, a hot DAOZ white dwarf (WD), is a prototype of a rare class of PN nuclei associated with dense, compact emission-line knots. The central star also shows excess fluxes in both the near-(NIR) and mid-infrared (MIR). In a 2013 paper, we used Hubble Space Telescope (HST ) images to show that the compact nebula is a point-like source, located 0.
apertures of infinite radius) to 0.
′′ 4 apertures, using ratios derived from the information given at the WFC3 website 7 at Space Telescope Science Institute (STScI).
The resulting F λ values are given in the right-hand columns in Table 1 all of the emission being from the knot.
Astrometry
The separation and position angle (PA) of the CEK with respect to the PNN were measured by L13 in the HST frames taken between 1991 and 1995. For convenience, these measures are reproduced in the first three lines of Table 2 . In order to determine whether our new observations reveal any appreciable relative motion, we measured the positions of the CEK and PNN, using the centroiding task in the imexamine package in IRAF. We then employed the STSDAS 8 xy2rd routine to convert the x, y positions to J2000 right ascension and declination, from which separation and PA can be determined. The average values from the 2013 frames in [O III] and Hα are given in the last line of Table 2 . These results show that there has been no significant change in the separation and PA over the approximately two-decade interval covered by our observations. Independent measurements of the absolute proper motion of the central star are available from the PPMXL (Roeser et al. 2010 ) and UCAC4 (Zacharias et al. 2013 ) catalogs, and from Data Release 7 of the Sloan Digital Sky Survey (SDSS) as quoted by Girven (KPNO) and Cerro Tololo Inter-American Observatory (CTIO), and calibrated to the Johnson-Kron-Cousins BVRI system via observations of standard stars from Landolt (1992, 2009 ). These previously unpublished data are presented in Table 3 , along with results quoted from the literature sources indicated in the last column. In addition, the last two data entries from 2016 are from observations with the Asiago 0.67/0.92-m Schmidt telescope, and likewise calibrated to Landolt standards. The first two lines in Table 3 are from photoelectric observations in 1978 and 1982, with errors of approximately ±0.05 mag. The remaining data were obtained with CCDs, were reduced with standard aperture-photometry routines, and have typical errors usually of about ±0.005-0.010 mag.
Averages of the CCD results, and the errors of the means, are given at the bottom of Table 3 .
The B and V magnitudes of the central object have been essentially constant within the errors from 1991 to 2016, and, with slightly larger uncertainty, since the photoelectric observations in [1978] [1979] [1980] [1981] [1982] . The R magnitude is also nearly constant, but with perhaps a slightly larger scatter. There does appear to be variability at the I band, at the level of several hundredths of a magnitude, even during a single observing run with identical equipment. Based primarily on the two observations in 1991 and 1994, compared with subsequent measures, there is a slight suggestion of a slow secular fading of the I magnitude, but this could simply be due to the randomness of the short-timescale variability.
Our measured magnitude difference of 3.6 between the companion and the WD in the HST F814W image (discussed in §2.1), along with an I magnitude of the total flux of 16.31, imply that the apparent magnitude of the companion is I ≃ 19.9.
Differential Optical Photometric Monitoring
We obtained differential CCD photometry during six different observing runs on 0.9-m telescopes at KPNO (1990 December, 1991 November, 1998 and CTIO (1991 January, 1992 May, 1994 . These results have likewise not been published previously.
In nearly all cases only a single set of BVRI observations was made per night during these runs, as they were part of a larger monitoring survey of many PNNi in search of variable central stars (e.g., Bond et al. 1992; Ciardullo & Bond 1996) . The total number of observations of EGB 6 was 57 in B and V , 50 in R, and 53 in I. The seeing in these frames generally ranged between 1. ′′ 3 and 2. ′′ 2.
The frames were bias-subtracted and flat-fielded using standard IRAF tasks. Differential photometry was carried out using the daophot point-spread-function (PSF)-fitting routines within IRAF. Each frame's PSF was determined from three bright, isolated field stars located near the EGB 6 central star. We then calculated the magnitude difference between EGB 6 and the sum of intensities of these three comparison stars. The formal precisions for differential magnitudes determined in this way for a source as faint as EGB 6 are about ±0.01 mag in B, V , and R, and about ±0.02 mag in I.
Unfortunately, for the purpose of long-term monitoring, this is a cumbersome batch of data. Not only were the six runs made with five different combinations of CCD and filter sets, but the PNN (B − V = −0.31) is considerably bluer than the comparison stars (whose combined light has B − V = 0.80). Thus our differential magnitudes are sensitive to changes in the bandpass effective wavelengths among the different instrumental setups. During three of the six observing runs, observations of Landolt standard stars allowed us to determine the color terms, and thus correct our data to the standard system. For the other three runs (KPNO 1990 December, KPNO 1991 November, and CTIO 1992 , we simply forced the mean differential magnitudes to equal the means from the three calibrated runs. (This would mean that we might miss any systematic long-term changes in brightness, but the absolute photometry discussed above indicates this is not the case, except possibly in I.) Figure 2 plots the resulting magnitudes against date of observation. The zero-points in each filter have been set to reproduce the mean calibrated magnitudes given in Table 3, but with R and I offset for clarity by the amounts indicated in the figure. The photometric scatter in B, V , and R is roughly twice that suggested by the photon-statistical errors quoted above, but this is not surprising because some of the data were taken in non-photometric conditions, and because of small systematic errors due to flat-field illumination and other instrumental effects. The scatter in I does, however, appear to exceed the expected amount;
since the absolute photometry discussed in §3.1 also suggested variability, we believe that the source is indeed a short-term variable at the I bandpass. We searched for a periodic signal using a periodogram analysis, but did not find any evidence for one. However, the observing cadence of one observation per night was not particularly suitable for this
purpose. An intensive campaign of monitoring would be useful for further investigation.
Photometry of EGB 6 in the V band is also available from late 2005 to late 2013 from the Catalina Real-time Transient Survey (CRTS) 9 (Drake et al. 2009) . No significant variability at V , apart from a few outliers, is seen in more than 700 observations. Typical error bars for the CRTS data points are about ±0.07 mag. There are also about 20 photographic observations from the Digital Access to a Sky Century @ Harvard (DASCH)
project (Grindlay et al. 2012) , going back to 1914, again showing no convincing evidence for long-term variability at blue wavelengths. The star did nothing in the night-time.
Optical Spectroscopic Monitoring
As discussed in §1, it had been believed that there is an M dwarf companion to the central WD star of EGB 6. Moreover, the system is suspected of variability in the I band (and in the NIR-see below). This suggested the possibility that the cool component could be a dM flare star or other type of variable. If so, the optical spectrum during a flare might exhibit enhanced Balmer emission as well as emission at Ca II H and K. Moreover, the discussion in L13 raised the possibility that the electron density in the CEK could be changing, for example if the dense compact nebula is dispersing. In this case, the nebular forbidden emission-line spectrum might be variable.
With these motivations, we monitored the central source by arranging to obtain optical spectra with the 1.5-m telescope at CTIO operated by the SMARTS Consortium 10 .
The observations were conducted by Chilean service observers on 47 nights between 2004
January 31 and 2012 January 24. We used the RC-focus spectrograph equipped with a CCD camera, and grating 26 in first order, covering either 3532-5300Å or 3660-5440Å, at a spectral resolution of 4.3Å. Exposure times each night were 3 × 400 s. A short exposure on a HeAr lamp was taken before each set of stellar observations for wavelength calibration.
The CCD images were bias-subtracted and flat-fielded, combined for cosmic-ray removal, and then the spectrum was extracted and wavelength-calibrated, all using standard IRAF routines. The spectra were normalized to a flat continuum, and smoothed with a three-point boxcar kernel.
The top panel in Figure 3 shows two examples of the spectra, obtained near the beginning and end of the eight-year observing interval, in order to illustrate the quality of the individual data. This panel also shows a mean spectrum made by combining all 47 observations. The strongest emission lines are marked. The bottom panel in Figure 3 shows the same combined spectrum, with the vertical scale expanded so as to show the photospheric absorption features from the WD more clearly.
We see no strong evidence for spectroscopic variability in these data. Enhanced Balmer emissions, and the appearance of Ca II H and K in emission, never occurred. Using standard IRAF tasks, we combined the spectra into seasonal averages, and determined the equivalent widths (EWs) of the emission lines during each season. We also measured the EWs in the combined spectrum of all 47 observations. The results are presented in Table 4 . The uncertainties for the seasonal averages are of order a few percent for the strong lines, and up to about 12% for the weaker ones. In the next-to-last line of 5007Å and Hβ have weakened, but at least for the latter this could be a systematic effect due to the blend with the photospheric absorption feature, combined with the relatively low spectral resolution of the SMARTS spectra.)
As this paper was being completed, we were able to obtain spectrograms of EGB 6 on 2016 April 3, using the Asiago Astrophysical Observatory 1.22-m telescope. The exposures were 3 × 1200 s. Equivalent widths derived from these spectra are given in the final entry in 
Gemini Near-IR Spectrum
In a search of the Gemini Observatory Archive 11 , we found that observations of the The observing sequence was a standard ABBA pattern of 8 × 225 s exposures on EGB 6 and 6 × 4 s exposures on HR 4041, a neighboring A0 V star to be used for telluric correction.
GNIRS was operated using AO in its cross-dispersed mode with the 10 lines mm −1 grating and a 0. ′′ 10 slit. Wavelength coverage was 0.95-2.5 µm, at resolution R = 5000.
In the H-band acquisition images, we noticed that EGB 6 was partially resolved into two point sources, at a separation consistent with the HST observations described above.
The spectrograph slit, perhaps fortuitously, was oriented such that it lay almost exactly along the nearly east-west orientation of the two sources; thus the spectra of the two sources are spatially separated. Visual examination shows that the hot WD dominates the continuum emission blueward of ∼1.25 µm. At longer wavelengths, the cool source brightens and the WD weakens. In the H band, the two sources have nearly equal fluxes.
The cool companion dominates redward of there. band, the spectrum of the cool source is brighter than that of the WD.
After removing electronic artifacts from the images using the cleanir.py routine provided by the Gemini Observatory, we processed the data using standard IRAF tasks for long-slit spectroscopy. Consecutive images were first flat-fielded, then subtracted to remove sky emission, and finally stacked. Due to the semi-resolved nature of the sources, we elected to extract the combined spectrum of both objects using an aperture with a width of 12 pixels 12 . The spectrum for HR 4041 was processed in a similar manner. An argon arc-lamp spectrum taken immediately after the science observations provided wavelength calibration. To remove telluric absorption lines and correct for instrumental response, we divided the combined spectrum of the two EGB 6 sources by the spectrum of HR 4041, after first interpolating across its intrinsic hydrogen absorption lines. This ratio spectrum was then multiplied by the F λ vs. wavelength relation for a 9500 K blackbody (the approximate effective temperature of HR 4041). The zero-point flux level of the final spectrum was normalized to match the available absolute NIR photometry (tabulated below in Table 5 ).
Figure 5 plots the resulting spectrum of the WD plus companion source as a black line. We saw no absorption features in the spectrum at its modest SNR, so we applied an 11-point boxcar smoothing. Several prominent emission lines from the CEK are labeled 13 .
To recover the contribution of the cool companion, we subtracted a 93,230 K blackbody, representing the WD component, shown as a blue curve. The resulting companion spectrum is plotted as a red line.
We stared at it in astonishment: the companion spectrum is not that of the M dwarf that has been claimed by earlier authors ( §1), including our own previous report in L13.
Instead, longward of about 1.3 µm, there is a smooth continuum, consistent with that of a cool blackbody. There appears to be a broad bump from approximately 1.0 to 1.2 µm, but this feature may be of doubtful reality since the intrinsic signal in this part of the spectrum (before conversion to F λ ) is quite weak and noisy. (If the bump is real, we have no obvious explanation for it; for example, it is much too narrow to be attributed to a blackbody contribution, and there are no features in late-type stellar spectra with such a structure.)
Overall, the companion's energy distribution can be fitted approximately by a blackbody of about 1850 K, plotted as a green line in Figure 5 , or somewhat cooler if we were to discount the 1.0-1.2 µm bump.
Thus the Gemini spectrum has clearly revealed the spatial location of the NIR excess that was discovered more than two decades ago. The NIR source is a point-like companion of the central star, which coincides with the unresolved CEK seen in the HST images. It is not a dM star, but a considerably cooler source.
associated with the companion source.
4. The Sign of the Four: The Spectral-Energy Distribution 4.1. Broad-band Photometry and Calibrated Spectra
In Table 1 we had presented the continuum fluxes (F λ ) derived from our 2013 HST broad-band photometry. In Table 5 we collect additional broad-band photometry of the EGB 6 central source and accompanying CEK from the following archival and literature sources: (1) FUV and NUV magnitudes from the Galaxy Evolution Explorer (GALEX);
(2) a U magnitude from D15; (3) mean BVRI magnitudes from our Table 3 (which included data from D15); (4) ugriz photometry from the SDSS; (5) the mean of the JHK magnitudes listed by FL93; (6) the 2MASS JHK s magnitudes; (7) the WISE W 1 through W 4 magnitudes; and (8) fluxes from 3.6 to 24 µm from the Spitzer IRAC and MIPS instruments. The footnotes to Table 5 give literature or archive references for each of these sources of data. Column 4 gives effective wavelengths for each bandpass, with the literature sources given in another footnote. The magnitudes have then been converted to F λ values in the fifth column, using zero-points referenced in the final footnote.
We also make use of Herschel Space Observatory imaging of EGB 6, available at the following the standard pipeline. We measured the flux density at 70 µm using aperture photometry with a radius of 6. ′′ 0, and then applying the aperture corrections suggested by the NASA Herschel Science Center 15 . Since the error maps created by the HIPE are unreliable, we estimated the flux error by taking the standard deviation of the background measurements in five arbitrarily distributed 6. ′′ 0 apertures placed in the high-coverage area of the observations. We also estimated an upper limit to the non-detection at 160 µm in a similar manner and report the measured standard deviation multiplied by three. The final results are flux densities of 3.6 ± 0.6 mJy at 70 µm, and an upper limit of 15 mJy at 160 µm. The 70 µm value, converted to F λ , is given in the final line of Table 5 .
In addition to the broad-band photometry presented in Table 5 , and the Gemini NIR 
Variability
In Figure 6 we plot λF λ values based on Tables 1 and 5, and the of dates. We thus verify again that EGB 6 is non-variable over this spectral range. We had already noted evidence for variability in the ground-based I band in §3.2. Figure 6 shows that even larger discrepancies start to appear as we move to longer wavelengths.
The NIR and MIR data were obtained over a range of dates: in chronological order 
The Spectral-Energy Distribution
Because of the variability of the EGB 6 nucleus in the NIR and MIR, and the fact that the data plotted in Figure 6 were obtained at a range of different epochs, it is doubtless premature to attempt a general, static model to explain the SED. However, as a rough guide to the astrophysical parameters, here we will simply fit the SED of the combined light of the nucleus and companion with four components, represented by blackbodies. We fixed the temperature of the hot WD at 93,230 K from the atmospheric analysis ( §1). The optical colors as well as the IUE and HST/FOS spectra show that the WD is very lightly reddened; we adopted E(B − V ) = 0.02, giving a good fit to the SED from the FUV to the optical. Since the total reddening in the direction of EGB 6 is E(B − V ) ≃ 0.027, according to the reddening maps of Schlafly & Finkbeiner (2011) 18 , it appears that the hot central star suffers no significant reddening within the system.
We arbitrarily omitted the four high Spitzer IRAC points 19 , because the remaining data are reasonably self-consistent, although still showing some discordances due to variability, and then performed a χ 2 fit of four blackbodies to the remaining data. The blackbodies were corrected for the adopted reddening, using the formulae of Cardelli et al. (1989) with If the NIR source were a star with an effective temperature of ∼1850 K, it would be an early L-type dwarf, with a K-band absolute magnitude of roughly +11.3. At a distance of about 725 pc (the unweighted average of the above two estimates), this L dwarf would have an apparent magnitude of K ≃ 20.6; however, the observed K magnitudes (Table 5) are in the range 15.6-16.1. Moreover, the observed NIR spectrum does not have the strong molecular bands seen in L-type dwarfs; as described in §3.4, it has a smooth blackbody-like spectrum longward of ∼1.2 µm. Clearly the NIR source is not a stellar photosphere.
At a separation of at least ∼118 AU from the WD, the NIR source is much too warm to be heated by the WD. The NIR source is more plausibly a dusty envelope or disk, which reradiates the luminosity of a heavily obscured low-mass star. The physical radius of the 1850 K NIR source, for a 725 pc distance, is about 0.86 R ⊙ . Its radiated luminosity is log L/L ⊙ ≃ −2.1. If this luminosity is due entirely to reprocessed radiation from an enshrouded star, it corresponds to that of an M3.5 V dwarf, using the Mamajek table cited above. In this picture, the companion source is an M dwarf after all, but one that is hidden from view by surrounding dust 21 .
21 Alternatively, the putative enshrouded companion could be a WD with the required -25 -In the remainder of this section we discuss two alternative pictures: one in which the NIR and MIR sources have separate locations in the system, and another in which they are both emitted by the obscured companion.
Dusty Debris Cloud?
We first consider a scenario in which the source of the MIR excess in EGB 6 does not coincide with the NIR and emission-line companion, but is located elsewhere in the binary system. Over the past decade, it has been discovered that a significant fraction of hot WDs (Ciardullo et al. 1999) detected no companion stars with spectral types earlier than M8 (for projected separations greater than 65 AU) to M5 (for separations as close as ∼11 AU). S07 noted moreover that the Helix PNN shows no NIR excess; thus there is no compelling argument that it has a binary companion. luminosity, although it requires "fine-tuning" of the time since its formation; if so, it would currently have an effective temperature of about 15,000 K and a cooling age of ∼ 2 × 10 8 yr.
This is based on an assumed mass of 0.6 M ⊙ and the "Montreal" WD cooling tracks at http://www.astro.umontreal.ca/ ∼ bergeron/CoolingModels (e.g., Tremblay et al. 2011) .
Although the HST and NIR observations of EGB 6 clearly associate the NIR excess (and the emission-line source) with a companion object, there is no direct evidence that the MIR excess is located at the position of the companion. Thus the Helix results may suggest a scenario in which the MIR excess in EGB 6 is likewise due to a debris disk encircling the hot WD nucleus, and is not directly associated with a companion star 18% of PNNi have associated dust disks. This is a significantly higher fraction than the ∼1-3% incidence of NIR excesses due to warm dust around cool (<25,000 K) WDs (Farihi et al. 2009; C14 and references therein) . A further difference is that the warm-dust disks around the cool WDs lie very close to the star, typically within the tidal-disruption radius for asteroidal bodies. As discussed by C14, this suggests that the dust around PNNi is recently formed and relatively transitory, in addition to lying at much greater distances from the central stars as demanded by the low dust temperatures. These authors note that eight out of 13 PNNi with dust disks detected at 8 or 24 µm are known or suspected to have binary companions. This raises the possibility that a binary interaction with the asymptotic-giant-branch (AGB) wind aids the formation of a dusty disk around the mass-losing star in at least some systems, if not in the Helix Nebula. Stone et al. (2015, hereafter SML15) have discussed these phenomena from a theoretical standpoint. They propose that the cool dust debris at large separations from PNNi arises from the response of a pre-existing Oort-Cloud analog to the sudden ejection of the PN and the "natal kick" received by the WD. Some of the comets would be placed in orbits bringing them close enough to the WD for evaporation or even tidal disruption, leading for formation of a spherical, optically thin, cool dust cloud around the WD. Their model does not directly account for the warmer dust detected in the NIR-but, at least in the case of EGB 6, this dust appears to be associated with a companion rather than a cloud around the PN nucleus. For EGB 6 itself, modeling by SML15 finds that the 24 µm flux implies a dust mass of ∼ 365 M ⊕ .
Post-Mira Accretion Disk?
Now we consider an alternative scenario in which the EGB 6 nucleus is the immediate descendant of a symbiotic-like binary similar to the Mira (o Ceti) system. Mira itself, a prototypical mass-losing long-period variable star, is accompanied by a companion, Mira B, at a separation (in 1995) of 0. ′′ 578 (Karovska et al. 1997 ), corresponding to a projected linear separation of ∼50 AU. Mira B is hidden by an optically thick accretion disk of material captured from the wind of Mira A (e.g., Ireland et al. 2007 , hereafter I07, and references therein). I07 argue on both theoretical and observational grounds that the underlying Mira B star is a late-type dwarf, although many other authors (e.g., Sokoloski & Bildsten 2010 and references therein) cite evidence for it being a WD.
Based on the statistics of wide binaries, I07 predict that binary systems in which an accretion disk is formed around a companion during the AGB wind phase are relatively common-about one in five among solar-type stars. Once the AGB star becomes a WD and its slow, dusty stellar wind dies out, the companion's accretion disk will also eventually In Figure 7 , we highlight (filled green circles) a particular YSO, Haro 6-39 in the Taurus region. We chose this source because, as the figure shows, it has very similar colors to EGB 6 (but is somewhat more luminous). E14 report that NIR spectra of Haro 6-39
show no absorption features, and it has H and He emission (again, a signature of accretion).
Thus this YSO has several properties remarkably similar to those of the EGB 6 companion.
The direction of evolution of YSOs in Figure 7 is from right to left, i.e., from young, very red class 0/I protostars on the right, through class II and then to the least obscured and bluest class III objects on the left. The EGB 6 companion has the characteristics of a relatively young object-consistent with our interpretation of a recent accretion process-but with a very different origin from the true YSOs in Taurus and Scorpius.
EGB 6 does have a luminosity, as represented by the W 1 magnitude, that is relatively low compared to most YSOs at the same W 1 − W 2 color, which may reflect its different formation process.
There is an extensive literature on much closer binary systems among post-AGB stars.
There is substantial evidence for interactions with the companion stars during the AGB Table 3 , but R and I have been offset for clarity by the amounts indicated. The B and V magnitudes appear to be constant within the uncertainties, but there is a suggestion of variability in R and more clearly in I. Haro 6-39, chosen because its colors are similar to those of EGB 6; moreover, its NIR spectrum resembles that of the EGB 6 companion.
